Kinesin-1 is a dimeric motor protein, central to intracellular transport, that steps hand-over-hand toward the microtubule (MT) plus-end, hydrolyzing one ATP molecule per step. Its remarkable processivity is critical for ferrying cargo within the cell: over 100 successive steps are taken, on average, before dissociation from the MT. Despite considerable work, it is not understood which features coordinate, or "gate," the mechanochemical cycles of the two motor heads. Here, we show that kinesin dissociation occurs subsequent to, or concomitant with, phosphate (P i ) release following ATP hydrolysis. In optical trapping experiments, we found that increasing the steady-state population of the posthydrolysis ADP·P i state (by adding free P i ) nearly doubled the kinesin run length, whereas reducing either the ATP binding rate or hydrolysis rate had no effect. The data suggest that, during processive movement, tethered-head binding occurs subsequent to hydrolysis, rather than immediately after ATP binding, as commonly suggested. The structural change driving motility, thought to be neck linker docking, is therefore completed only upon hydrolysis, and not ATP binding. Our results offer additional insights into gating mechanisms and suggest revisions to prevailing models of the kinesin reaction cycle.
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single molecule | mechanochemistry | optical tweezers | molecular motors S ince its discovery nearly 30 years ago (1), kinesin-1-the founding member of the kinesin protein superfamily-has emerged as an important model system for studying biological motors (2, 3) . During "hand-over-hand" stepping, kinesin dimers alternate between a two-heads-bound (2-HB) state, with both heads attached to the microtubule (MT), and a one-head-bound (1-HB) state, where a single head, termed the tethered head, remains free of the MT (4, 5) . The catalytic cycles of the two heads are maintained out of phase by a series of gating mechanisms, thereby enabling the dimer to complete, on average, over 100 steps before dissociating from the MT (6) (7) (8) . A key structural element for this coordination is the neck linker (NL), a ∼14-aa segment that connects each catalytic head to a common stalk (9) . In the 1-HB state, nucleotide binding is thought to induce a structural reconfiguration of the NL, immobilizing it against the MT-bound catalytic domain (2, 3, (10) (11) (12) (13) (14) (15) (16) (17) . This transition, called "NL docking," is believed to promote unidirectional motility by biasing the position of the tethered head toward the next MT binding site (2, 3, (10) (11) (12) (13) (14) (15) (16) (17) . The completion of an 8.2-nm step (18) entails the binding of this tethered head to the MT, ATP hydrolysis, and detachment of the trailing head, thereby returning the motor to the ATP-waiting state (2, 3, (10) (11) (12) (13) (14) (15) (16) (17) . Prevailing models of the kinesin mechanochemical cycle (2, 3, 10, 14, 15, 17) , which invoke NL docking upon ATP binding, explain the highly directional nature of kinesin motility and offer a compelling outline of the sequence of events following ATP binding. Nevertheless, these abstractions do not speak directly to the branching transitions that determine whether kinesin dissociates from the MT (off-pathway) or continues its processive reaction cycle (onpathway). The distance moved by an individual motor before dissociating-the run length-is limited by unbinding from the MT. The propensity for a dimer to unbind involves a competition among multiple, force-dependent transitions in the two heads, which are not readily characterized by traditional structural or bulk biochemical approaches. Here, we implemented highresolution single-molecule optical trapping techniques to determine transitions in the kinesin cycle that govern processivity.
Results

Run Lengths Are Asymmetric with Respect to the Direction of External
Load. Hindering loads, that is, forces applied against the direction of motion (Fig. 1, Inset, Left) , modulate the rates of structural transitions taking place in the MT-bound head (19) and potentially also the binding rates of the tethered (partner) head. Because these separate effects may be confounded during kinesin dissociation from the MT, we instead studied the run length under assisting loads, applied in the direction of kinesin motion using an optical force clamp (Fig. 1 , Inset, Right). In this experimental geometry, the docking rate of the NL is not significantly reduced by mechanical force (20) . Moreover, the applied load is borne almost exclusively by the bound head via its NL, leaving the tethered head free to undergo diffusive motion in proximity to its next MT binding site. Although kinesin run lengths have been studied extensively under hindering loads, they have not been well characterized in the assisting-load regime. Under assisting loads, single-molecule stepping traces were found to exhibit regular, 8-nm steps (Fig. S1) . Measurements of the run length from such stepping traces reveal a dramatic asymmetry with respect to the direction of the applied force (Fig. 1) . Under moderate assisting loads, run lengths were an order of magnitude shorter than for corresponding hindering loads, based on the unloaded run length, L 0 , obtained from exponential fits to the data. Furthermore, the sensitivity of run length to force, as characterized by the distance parameter, δ L , was dramatically lower in the assisting-load regime, where run lengths decreased only gradually, out to +20 pN.
Significance
Kinesin-1 is a motor protein central to intracellular transport. Prevailing models of the kinesin mechanochemical cycle-which invoke docking of the neck linker domain upon ATP bindingfail to explain the remarkable processivity of kinesin, which represents a competition between dissociation from the microtubule and continuation of the stepping cycle. We show that kinesin dissociation, which characterizes the end of a processive run, is gated by phosphate release following ATP hydrolysis. The structural change driving kinesin motility, likely neck linker docking, is therefore completed only upon hydrolysis. Our results offer insights into gating mechanisms and necessitate revisions to existing models of the kinesin cycle. Run Lengths Are Independent of the Rates of ATP Binding and Hydrolysis. To address the biochemical states contributing to processivity, we performed experiments under moderate assisting loads (+4 pN). This load regime minimizes the effects of forces on known mechanical transitions between nucleotide binding and hydrolysis (19) , thereby providing ideal conditions for elucidating force-insensitive steps in the mechanochemical cycle. We observed no difference in the run length scored under low-ATP conditions relative to that in the presence of saturating ATP levels (Fig. 2) . This result confirms that the nucleotide-free head remains strongly bound in the ATP-waiting state, and that the run length is not set by transitions in this point of the cycle. To a firstorder approximation, the run length is governed by a competition between the rate of tethered-head binding to the next site, which results in a step, and the rate of premature release of the bound head, which results in dissociation. An increase in run length could therefore arise by increasing the rate of tethered-head binding, decreasing the rate of bound-head release, or both. Most conventional models of kinesin mechanochemistry propose that ATP binding induces NL docking (2, 3, (10) (11) (12) (13) (14) (15) (16) (17) , which repositions the tethered head in the forward direction and enables binding to the MT at the next site. This framework has been taken to imply that the tethered head is generally able to bind to the MT immediately following ATP binding by its partner. One prediction from this model is that reducing the rate of ATP hydrolysis should increase the run length, because it would give the tethered head additional time to bind before the bound head completes its hydrolysis and detaches. To test this hypothesis, we examined the kinesin run length under assisting forces in the presence of saturating levels of ATPγS, a slowly hydrolyzable ATP analog. Contrary to expectation, the run length turned out to be nearly identical to that measured under saturating ATP conditions (Fig. 2) , implying that the branch point for MT release occurs subsequent to hydrolysis. A corollary of this finding is that the tethered head remains largely unbound, and that the transition that allows for productive head binding (stepping) is only completed upon hydrolysis.
Addition of Phosphate Enhances Kinesin Processivity. The discovery that decreasing the rate of ATP hydrolysis fails to enhance processivity suggests that tethered-head binding may instead compete with transitions in the mechanochemical cycle that take place subsequent to hydrolysis. One such candidate transition is phosphate (P i ) release. To test the hypothesis that P i release is critical to the head unbinding transition, we measured run lengths at increasing concentrations of potassium phosphate. We found that run lengths increased by nearly a factor of 2 in the presence of added P i (Fig. 2) . These results were further validated by a series of salt controls (Fig. 2) , which confirmed that the observed increase was specific to P i and not simply due to the increase in ionic strength. P i release therefore constitutes a key gating mechanism for processivity.
Accompanying velocity measurements (Fig. S2) show only a moderate reduction in velocity with salt, with a magnitude dependent on both the identity of the salt and its concentration. The decrease in velocity for increasing P i concentrations, separate from its effect on processivity, is consistent with a previous report (21) .
Discussion
Assisting Loads Facilitate Studies of Kinesin Processivity. Our results suggest that the presence of additional P i in solution stabilizes the bound head by increasing the lifetime of the posthydrolysis ADP·P i state, thereby allowing the tethered head additional time to bind in the forward position before the bound head releases P i and dissociates from the MT. The fact that the run length remained unchanged under high salt concentrations (Fig. 2) indicates that, under these assisting-load conditions, the rate of tethered-head binding remains largely independent of the ionic Run length (nm) Fig. 2 . Kinesin processivity is enhanced by added phosphate. Run lengths (mean ± SE; n = 93-345) measured under a +4-pN assisting load in the presence of nucleotide (NT) analogs (green), added salt (purple), or potassium phosphate (orange), at the concentrations indicated. Run lengths scored under various nucleotide conditions (green) or in the presence of nonphosphate salts (purple) showed no statistically significant differences. However, the addition of phosphate (orange) increased the run length by as much as a factor of 2. The increase in mean run length with added phosphate (in 2 mM ATP) was significant (P ≤ 0.01; t test) compared with the baseline run length (dashed line). (Inset) Histograms of normalized run lengths without added salt (green; n = 170) and with 100 mM added phosphate (orange; n = 187), together with exponential fits.
strength. Consequently, any changes in the run length arising from additional P i are attributable to the modulation of biochemical events occurring in the bound head and are not confounded by salt effects. By contrast, run lengths acquired under hindering-load conditions were highly sensitive to ionic strength (Fig. S3) . Because assisting loads poise the tethered head in a forward-biased position, this force regime provides a unique window for probing the effect(s) of P i on processivity while at the same time minimizing any confounding electrostatic effects of added salt on tethered-head binding. The dramatic asymmetry of run length with respect to direction of load (Fig. 1) has previously been largely unappreciated, but has direct consequences for stochastic models of multimotor transport where individual motors experience either assisting or hindering loads from their interaction with a common intracellular cargo (22) . Our data suggest that the unbinding dynamics may vary by an order of magnitude depending on the direction of the effective load on the motor. Such variation in unbinding dynamics would be beneficial for a team of identical motors, where motors lagging behind unbind more readily, and may also influence dynamics in tug-of-war situations involving teams of different motors (23) .
ATP Hydrolysis Completes Docking of the Neck Linker. The finding that processivity is modulated by P i release indicates that the conformational change responsible for moving the tethered head to a position where it can attach to the next MT binding site must occur subsequent to, or concomitant with, ATP hydrolysis. ATP binding is therefore insufficient to complete the sequence of mechanochemical events necessary for productive tethered-head binding. Although the structural rearrangements associated with ATP binding and hydrolysis may not be restricted to NL docking, extensive previous work (2, 3, 10-17) supports the notion that the NL is central to the conformational changes involved in processive stepping. Because tethered-head binding is gated by ATP hydrolysis, we propose that ATP binding may only incompletely dock the NL. Any such "partial docking" could entail either a shift in a rapid equilibrium between the undocked and fully docked states of the NL, or alternatively, the docking of only a portion of the NL, leaving the remainder unbound. Given the absence of structural evidence for the docking of segments of the NL, we tend to favor the former interpretation. Indirect evidence supporting the notion of partial NL docking comes from previous fluorescence (11, 12) and cryoelectron microscope (16) experiments, which suggest that the NL may be more stably docked in the presence of ADP·AlF 4 , an analog thought to mimic the posthydrolysis ADP·P i state (11, 24, 25) , than with the nonhydrolyzable analog AMP-PNP, which serves as a proxy for the ATP-bound state (11, 24, 25) . Our findings are also consistent with previous work reporting the formation of a cover-neck bundle following NL docking (15) . We note that partial NL docking raises the possibility of substeps taking place in the mechanochemical cycle, because separate tethered-head motions are predicted for both ATP-binding and hydrolysis events (with the latter being modulated by [P i ], but not the former). Although there have been previous reports claiming to detect kinesin substeps at different temporal and spatial scales, no such events have been conclusively detected to date, and their existence remains controversial (2). It is possible that any substeps associated with partial NL docking occur on a timescale faster than the experimental bandwidth achieved by most optical trapping work, which is dominated by the viscous damping of trapped beads (2) . It is also possible that the displacements arising from kinesin structural rearrangements, or shifts in the equilibrium NL position associated with the substeps, are smaller than the current levels of experimental displacement noise.
A Revised Model of the Kinesin Mechanochemical Cycle. Collectively, our findings support a revised model of the kinesin mechanochemical cycle (Fig. 3A) . Starting from a 1-HB ATPwaiting state [1] (26-29) , we propose that ATP binding by the bound head triggers partial NL docking, biasing the tethered (ADP-bound) partner head forward [2] . ATP hydrolysis then completes the docking of the NL against the bound head, enabling productive MT binding by the tethered head at the forward binding site [3] . This is the point in the cycle where processivity is gated. If P i is released prematurely from the bound head before tethered-head binding [3 ‡ ], the motor generally dissociates from the MT and the run terminates [4 off ]. However, if productive MT binding and ADP release by the tethered head can be completed before P i release by the bound head, the dimer remains attached and is able to proceed through the cycle. Kinesin, now in a strained, 2-HB state [4] , releases P i from its rear head, which unbinds from the MT (30) . Once the rear head is released, the motor is once again ready to bind ATP and repeat another stepping cycle [1] , having translocated forward by 8.2 nm. The revised model is shown alongside the prevailing model (2, 3, 10, 14, 15, 17) for comparison ( Fig. 3 A and B) : the key difference is the addition of an intermediate state associated with partial NL docking, before hydrolysis.
The Revised Model Is Consistent with Bulk Biochemical Data. The notion that ATP binding by the MT-bound head induces the attachment of its tethered partner to the MT (10, 31, 32) , which is a key feature of the prevailing model (2, 3, 10, 14, 15, 17) (Fig.  3B ), is consistent with evidence from biochemical measurements for the release of the fluorescent ADP analog, mantADP, from the tethered head upon nucleotide binding its MT-bound partner (31, (33) (34) (35) . This release has often been interpreted as reflecting the attachment of the tethered head to the MT in the forward position. However, if mantADP release follows the attachment of the tethered head to the MT, then decreasing the hydrolysis rate-for example, by substituting ATPγS for ATP-would be expected to enhance motor processivity through prolongation of the MT-attached state. However, no such increase in processivity has been found (Fig. 2) , suggesting instead that any tetheredhead binding generally occurs subsequent to hydrolysis. An alternative interpretation, and one that is consistent with the mantADP release data, is that nucleotide binding to the MT-attached head facilitates ADP release from its tethered partner, but leaves the tethered head free, or weakly associated with the MT, until hydrolysis renders it able to bind the MT. This interpretation, where the tethered head can release ADP while remaining unbound from the MT, reconciles bulk biochemical results (31, (33) (34) (35) with single-molecule measurements and is consistent with the model of Fig. 3A .
Phosphate Release Gates Kinesin Processivity. Because kinesin processivity is so tightly controlled by P i release, we propose that kinesin passes through two states with distinct conformations: a 1-HB state before [2] and after [3] ATP hydrolysis. The conformational changes induced by hydrolysis control the point in the mechanochemical cycle where the tethered head is able to bind the MT efficiently. However, the duration of the posthydrolysis ADP·P i state [3] , which is dictated by the rate of P i release, determines whether the tethered head binds [4] and completes the stepping cycle, or whether the bound head accesses the weakly bound ADP state [3 ‡ ] and dissociates [4 off ]. We note that this "dissociation branch point" is distinct from both ATP binding and the subsequent, load-dependent mechanical step, thereby ensuring that long runs can be completed even against significant opposing loads, which may be a desirable property for some kinesin motors. The revised kinetic cycle for kinesin-1 suggests new challenges for future work. For example, does the partial NL docking implied by phosphate sensitivity represent a distinct structural state-and therefore a mechanical substepor a shift in some rapid equilibrium between fully docked and undocked conformations? Cryoelectron microscope structural studies of Eg5, a mitotic kinesin-5, have found hydrolysis-induced shifts in the NL conformation (36, 37) , and similar shifts may take place in kinesin-1. Moreover, previous work characterizing the motility of Eg5 has shown that its processivity can be also be enhanced by the addition of P i (38) , suggesting that the P i release gating mechanism proposed here may not be limited to kinesin-1 motors.
Materials and Methods
Protein Expression and Purification. A recombinant Drosophila melanogaster kinesin-1 construct was truncated at position 559 and fused to a C-terminal eGFP and 6×His-tag (39) . The protein was expressed in Escherichia coli and purified by nickel column chromatography (40), as previously described.
Single-Molecule Optical-Trapping Assay. Flow cells and incubations with kinesin and 440-nm polystyrene beads (Spherotech) were prepared as previously described (17) . Motility buffers consisted of PEM80 [80 mM Pipes (Sigma), 1 mM EGTA (Sigma), 4 mM MgCl 2 (Fluka)] at pH 6.9, 2 mM DTT (Sigma), 10 μM Taxol (Sigma), and 2 mg·mL −1 BSA (Calbiochem). An oxygenscavenging system with final concentrations of 50 μg·mL −1 glucose oxidase (Calbiochem), 12 μg·mL −1 catalase (Sigma), and 1 mg·mL −1 glucose (EM Science) was added to motility buffers before introduction into flow cells. Concentrations of ATP (Sigma), ATPγS (Calbiochem), and salt were adjusted for the desired conditions. Potassium phosphate (KP i ) (50% monobasic, 50% dibasic; EMD), potassium sulfate (K 2 SO 4 ) (Sigma-Aldrich), potassium acetate (KAc) (EMD), and potassium chloride (KCl) (EMD) were each dissolved in PEM80 buffer and adjusted to pH 6.9 before addition to the motility buffer. Optical-trapping experiments were performed under force-clamped conditions, as previously described (17, 41) . However, for data collected at +4 pN, the detection scheme (41) was modified to include a second positionsensitive detector for measuring the trapping beam, thereby improving triggering of the force clamp and facilitating increased data throughput. Run length measurements under no load (0 pN) were obtained by video tracking, as before (17).
Data Analysis. Starting and ending points of kinesin runs were identified by eye in individual records. The average run length, L, for the unloaded (0 pN) data was determined by fitting an exponential to the histogram of run lengths, excluding bins at longer distances containing <6 counts, as well as the initial bin (17) . For nonzero assisting loads (other than +4 pN), L was determined using maximum-likelihood estimation, to account for varying starting points for kinesin runs. For data acquired in the hinderingload regime (also for +4-pN assisting loads), L was calculated from the number of runs, N 1,2 , binned in two different intervals: one inside the detection region, and the other outside. The lower limit of the first bin interval, x 1 < x < x 2 , was set to x 1 = 30 nm, to avoid misclassifying extremely short runs. The upper limit of the first bin interval was set to x 2 = 150 nm, chosen such that the second bin interval, x > x 2 , included all runs that reached the boundary of the detection region. This choice minimizes the run length error, σ L , propagated from the errors associated with the Poisson-distributed counts, σ N1;2 = ffiffiffiffiffiffiffiffi ffi N 1;2 p . The expressions used to determine the average run length, L = ðx 2 À x 1 Þ=lnðN 1 =N 2 + 1Þ, and the estimated run length error, σ L = L ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi N 1 =ðN 2 ðN 1 + N 2 ÞÞ p =lnðN 1 =N 2 + 1Þ, were derived by assuming an exponential run length distribution. Velocities for individual kinesin runs were obtained from linear fits to the experimental traces; average velocities and the associated SEs were weighted by run length.
The mean run length, L, as a function of hindering (-) or assisting (+) load (Fig. 1) was fit to the exponential form, LðFÞ = L 0 expð−jFjδ L =k B T Þ, where L 0 is the unloaded run length, F is the external force applied by the optical trap, δ L is a distance parameter that characterizes the load dependence, and k B T is Boltzmann's constant times the absolute temperature. [1] with ADP bound to the tethered head and a nucleotide-free, MT-bound head (∅). ATP binding by the bound head triggers partial NL docking [2] , and subsequent hydrolysis induces complete NL docking, which induces productive MT binding by the tethered head [3] . At this stage, the kinesin molecule either completes the mechanical step [4] , binding to the next MT site and releasing ADP, or prematurely releases P i [3 ‡ ], and dissociates in an off-pathway event [4 off ]. In the event that a forward step is completed [4] , P i release followed by rear-head unbinding returns the dimer to the ATP-waiting state [1] . The motor is now ready to begin the cycle anew, having translocated one 8.2-nm step toward the MT plus-end. Highlighted arrows (orange) indicate rates decreased by P i , notably the dimer dissociation rate (Off). (B) The prevailing model of the kinesin mechanochemical cycle (2, 3, 10, 14, 15, 17) . The key difference between the revised (A) and prevailing (B) models is whether a step can be completed upon ATP binding. , and +4 pN in the presence of 100 mM added P i (orange). For each condition, dark-colored, median-filtered records (computed over a seven-data point sliding window) are superimposed upon light-colored, unfiltered data. Three records are displayed for each of the experimental conditions; gridlines are spaced at 8-nm intervals. Kinesin molecules take ∼8-nm steps when subjected to assisting loads, as well as in the presence of high P i concentrations.
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